Abstract. Major volcanic eruptions in the central North river systems by dispersing through the sea. However, some Island of New Zealand and, in particular, an eruption dated rivers, that were probably severely affected in their at  186, spread ignimbrite and volcanic ashes (tephra) headwaters, have lower elevation and more distant over a broad area, deposition of which caused major tributaries whose catchments escaped ash showers; these defaunation of affected habitats. However, riverine provided refuges for non-diadromous species which could freshwater fish faunas were undoubtedly affected far beyond recolonize upstream once rivers became inhabitable. In such the zones of ignimbrite deposition and ash settlement as a rivers the fish faunas are now a mix of diadromous and result of ash-laden floods moving down rivers. In areas non-diadromous species. where entire river systems were covered with ash, fish faunas Key words. New Zealand, freshwater fish, biogeography, that recolonized rivers now consist almost entirely of diadromous species that have been able to recolonize the volcanism, diadromy.
INTRODUCTION formed a column 40-50 km high, and less dense material The central North Island of New Zealand has for nearly was swept east to northeast from Taupo by strong winds, two million years been a zone of intense volcanic activity, and settled over an area of about 30,000 km 2 . Deposits of and continues to be active to the present day. At its southern ash 10 cm deep extend as far as the east coast of the North fringes, this area is characterized by three substantial, Island of New Zealand. The collapse of the eruption column occasionally active, volcanoes, (Mounts Ruaphehu * -led to a pyroclastic flow that surged radially at speeds 2797 m, Tongariro-1968 m and Ngauruhoe-2291 mvariously estimated as 600-1000 km h −1
, and radiated as far Fig. 1 ). There are several substantial, active geothermal as 80 km out from a centre based in north-eastern Lake areas, as well as additional, smaller, and now largely Taupo, covering an area of about 20,000 km 2 and sweeping dormant, volcanic mountains within the active area. This over the tops of some significant mountain ranges in close area extends northeast to beyond the North Island coastline proximity to the eruption site. Mount Tongariro, for as far as White Island, which is a continually active volcanic instance, which rises more than 1600 m above the present about 47 km offshore in the Bay of Plenty (Fig. 1) . The level of the lake, was covered by the flow. The total volume numerous lakes within this area have origins and histories of material discharged at that time has been estimated as that are intimately related to volcanic activity; most like 105 km 3 . The areas of ignimbrite and ash deposit overlap, Lakes Taupo and Rotorua, were formed following volcanic particularly to the east of Lake Taupo (Wilson & Houghton, eruptions with impoundments caused by tephra deposits 1993; Wilson & Walker, 1985; Clarkson & Nicholls, 1992 ) which blocked existing drainage systems (Lowe & Green, (Fig. 1). 1987) .
This long period of continual volcanic activity must have The area has been subjected to very substantial eruptions had profound effects on the fauna and flora of the areas centred on Lake Taupo at least twenty-eight times over the where discharged volcanic material was deposited. past 25,000 years, the largest involving the emission of Inevitably, there would have been very extensive defaunation over 800 km 3 of material. This area is the most active and of all ecosystems close to the centre of volcanism, the productive rhyolitic volcano known (Wilson, 1993) . The impacts continuing to be very damaging well out from most recent quite prolonged active period culminated in an the centre and especially to the east, though presumably eruption that is thought to have occurred about 186  declining in severity with increasing distance. (Wilson & Walker, 1985) . This eruption took two major Terrestrial ecosystems are likely to have been affected primarily where ignimbrite deposits and ash showers were most severe, through flattening, burying, or burning of vegetation, and through major changes to soils (Clarkson, Patel & Clarkson, 1988) . The velocity of winds generated colonized the establishing vegetative communities as micro-habitats and food resources became available. by the surge of rhyolite is known to have flattened forests in its path. Over the centuries since the Taupo event, the THE IMPACTS ON AQUATIC ECOSYSTEMS landscape rapidly became revegetated (Froggatt, 1981; Clarkson & Nicholls, 1992; Wilson, 1993) . Animal Aquatic esosystems would have been affected much more widely than the ignimbrite/ash deposition zones. The fact communities (insects, birds, etc.) gradually would have that major lakes were formed either as calderas following Salmonidae) and chinook salmon (O. tshawytscha (Walbaum)) failed to home into the Toutle River, evidently explosive eruptions, and/or by the damming of river valleys by volcanic debris, indicates something of the scale of as a result of the effects of turbidity in the river's water rather than because of disruption of their olfactory navigation impacts. Though Lake Taupo existed prior to this eruption, and survived it in albeit modified form (Timperley, 1983) , (Whitman, Quinn & Brannon, 1982; Leider, 1989) . Given that this eruption is estimated to have discharged its water must have been severely polluted by tephra deposits more than 0.5 m deep, as well as being heated by these about 1 km 3 , or less than 1% of that discharged from the 186  Lake Taupo eruption, it is obvious that the disruption discharged materials. River systems that drained the region must also have been profoundly affected by the eruptions to riverine biota following the Taupo eruption must have been catastrophic over a vast area, and long lasting. It can and ash showers. Many temporary impoundments formed behind ash deposits, and there were great floods of ashbe assumed that rivers draining from the core areas of volcanic activity were completely defaunated by the laden waters as the impoundments broke down (Wilson & Walker, 1985) . These floods are considered to have been of occurrence of tephra-laden flows as far downstream as the sea. However, some of the more distant of the tributaries such magnitude that substantial cities now located at the mouth of rivers like the Wanganui would have been of the affected rivers, and specifically those tributaries that drained sub-catchments beyond the influence of ash destroyed (Wilson & Houghton, 1993 (Fig. 1) . Others, for which there remains no explicit evidence of impact, may also have at most minor. However, this is not true of their impacts on aquatic communities. The volcanic crater lakes continually received inputs of tephra, and have been affected. Because the major Taupo eruption took place little more discharge highly toxic waters of very low pH (<2.0) into nearby streams preventing the establishment there of animal than 1800 years ago, the present faunas of these rivers are likely to reflect the influence of the eruptions; it is the communities; and from time to time lahars (sudden discharges of water, mud, sand and boulders) break out purpose of this paper to investigate the distributions of freshwater fishes in areas/river systems affected by the central from the crater lakes and flood these streams, sometimes causing major fish kills, and having impacts that spread North Island volcanism and to examine the relationship between these distributions, the life history strategies of the many kilometres down stream into connecting river systems, (Woods, 1964; Cudby & Strickland, 1986) . These impacts species, and the volcanic eruptions. can be considered to reflect the nature, though by no means the intensity or extent, of the major  186 Taupo eruption.
NEW ZEALAND FRESHWATER FISH LIFE There are few contemporary, detailed accounts of the HISTORY STRATEGIES impacts of volcanic eruptions on stream fauna. However, some perception of the nature of the likely impacts can be Unlike terrestrial biota, or even such aquatic biota as the many insect groups that have terrestrial life stages, strictly obtained from the results of studies of the 1980 eruption of Mount St. Helens in the western United States. Descriptions riverine freshwater fish are very poor at dispersion. They tend to be confined to river systems which behave, in of the Mount St. Helens eruption speak of 'immediate and catastrophic effects' over a 'very large, massively disturbed biogeographical terms, very much like elongated islands separated from each other by uninhabitable territory across area' (Bisson, Nielsen & Ward, 1988) , and of 'extreme thermal effects' with water temperatures in the lower Cowlitz which dispersal is difficult to impossible. Dispersion of freshwater fish between river catchments is difficult and River, which is fed by the Toutle River draining the slopes of Mount St. Helens, reaching 32°C. Leider (1989) slow, and occurs primarily through stream capture, diversion and redirection of water flows resulting from uplifts, and considered that the majority of aquatic life in the Toutle River watershed would have been eliminated immediately. similar geomorphological events. There are occasional suggestions that transport of fish eggs or larvae takes place Many of the lakes and springs in the vicinity became completely or partially anaerobic as a result of intense on waterbirds, though this is at best very rare. Many freshwater fish tend, therefore, to evolve and speciate locally, microbial activity stimulated by elevated nutrients (Ward et al., 1983) . Following the eruption there were massive debris and to have restricted distributions (McDowall, 1972) . New Zealand freshwater fishes have two distinct life flows in the rivers (McKnight & Dahm, 1990) . Runs of rainbow trout (Oncorhynchus mykiss (Walbaum)-history strategies that would have affected how they were able to repopulate rivers after defaunation, as suggested change the broad picture, but more probably just add some additional exceptions to the generalization identified above. above.
1. Some species are confined to fresh waters and can MAORI FISH INTRODUCTIONS TO LAKES repopulate only by dispersion up and down the river systems (apart from shifts in river flow directions There is evidence that freshwater fish were translocated and occasioned by stream capture). In rivers severely affected dispersed around lakes of the volcanic region by Polynesian by Taupo eruptions these species may have been unable
Maori who have lived in the area for centuries. To the to recolonize defaunated rivers which may still lack them.
extent that this has happened, translocations of fish may 2. Other species are diadromous and have a regular phase have disrupted natural distribution patterns and have of the life history that is spent at sea. The marine life obscured any residual effects of eruptions. Maori are said stages of such diadromous species (McDowall, 1988) to have transported eels (Anguilla spp.) for release into Lake facilitate dispersion between river catchments and give Taupo (Sherrin, 1886) . Presumably this was in the hope of species the ability to recolonize defaunated rivers by establishing stocks there, because eels were a highly prized marine migration. As a result they tend to have much food source for Maori (Best, 1929; McDowall, 1990) , who broader distributions than species confined to fresh water were perhaps unaware of the need for marine spawning (McDowall, 1993) .
and larval/juvenile life in freshwater eels. Therefore eels translocated to the lake did not establish resident The effects of the  186 eruption were most intense and populations. Similarly, there are accounts of transfers of widespread to the east and north of Lake Taupo, and since other freshwater species, such as koaro (Galaxias brevipinnis many of the river catchments originating in that zone were Gü nther-Galaxiidae), inanga (G. maculatus (Jenyns)) and completely choked by ash as far as the sea coast, it can be common smelt (Retropinna retropinna (Richardsonhypothesized that in these rivers, non-diadromous species Retropinnidae), into some of these lakes by Maori (Mair, will be absent altogether, or perhaps occur in a few isolated 1923; Stafford, 1967; Burstall, 1980; Phillipps, 1940 ; pockets, and that the faunas of these rivers will be dominated Strickland, 1993) . It is likely, too, that the occurrence of by diadromous species (hypothesis 1). However, in rivers koura (freshwater crayfish-Paranephrops planifrons White: that drain north, west and/or south from the central North Parastacidae) and mussels (Hyridella sp.-Hyridellidae) in Island, where the rivers are very long, and where the effects lakes such as Taupo, Rotorua, and others, result from of the ash showers were more limited in range and intensity, Maori translocations since these species could not have it is hypothesized that even though the entire mainstem survived the  186 eruption. rivers may have been defaunated by repeated ash-laden Given this high likelihood of Maori transfers, doubt must floods (as takes place today as a result of discharge from be cast on the natural occurrence of any fish species in lakes Mount Ruapehu crater lake discharges into the Whangaehu of the volcanic region, and their tributaries, especially those River), non-diadromous species will have survived in some fish favoured by Maori as food. In spite of this, it is of more distant tributaries and will have repopulated the upper considerable interest that all of the fish and macrocrustacean reaches; this would have been accomplished by fish moving species present in these systems are, apart from koura, down into the mainstem rivers and migrating up stream landlocked stocks of otherwise diadromous species: koaro, once conditions became tolerable. Such rivers will have common smelt and common bully (Gobiomorphus cotidianus faunas comprising a mix of diadromous and nonMcDowall-Eleotridae), all of which occur very widely in diadromous species, in much the same way as river systems these lakes, and banded kokopu (Galaxias fasciatus Gray) elsewhere in New Zealand (hypothesis 2). only in Lake Okataina. All four fish species, though diadromous, readily establish landlocked populations (McDowall, 1990) . Various of them are present in lakes that have no outflows through which fish could have colonized, DATA SOURCES supporting contentions of Maori translocations (such lakes as Okaro, Okareka, Okataina, Rerewhakaaitu, Rotoma, Data on fish distributions for this paper are derived largely from the New Zealand Freshwater Fish Database Rotoehu, Okataina, Rotopounamu). Furthermore, when landlocked, common bully (McDowall & Richardson, 1983) , which is a comprehensive archive of New Zealand freshwater fish distributional data populations eventually lose the laterosensory canals/pores on the head (McDowall, 1975) , though how rapidly this assembled over the past c. 30 years; there are now more than 10,000 data points in the database (Richardson, 1993) , happens is not known. Common bully populations in Lake Taupo have erratic, but reduced, distributions of canals and coverage of the area of the North Island within and around the periphery of the volcanic impact zone being shown in pores, suggesting that perhaps they are in the process of losing the structures and this may indicate recent Fig. 2 (all symbols) .
It is likely that additional populations of fish species will diadromous ancestry. An alternate hypothesis could be that a landlocked stock in the lake of greater age had already lost be discovered within the area affected by volcanic eruptions. The area towards the eastern coast of the northeastern the canals/pores, and that more recent Maori or European releases of pored fish there are now hybridising with the North Island is least well covered by the database; nevertheless, there has been extensive collection overall, and poreless stock; either scenario involves likely recent liberations into these lakes. Though perhaps not deliberately it is considered unlikely that further data will radically translocated by Maori, common bully could easily have (1993) argues persuasively in spite of their great fragility, is plausible. been included inadvertently with other fish being shifted by Maori. Maori transfer of all of these species, including Few non-diadromous species are known to have attracted much attention from Maori, making Maori translocation transfer of diadromous common smelt, for which Strickland unlikely, unless inadvertent (Best, 1929; McDowall, 1990) .
at locations distant from Lake Taupo. Thus, of sixteen major rivers that drain in all directions from the central No non-diadromous fish species is known from these lakes.
volcanic region, the dwarf galaxias occurs as isolated populations in one or a few tributaries of each of only three DISTRIBUTIONS OF NON-DIADROMOUS rivers; these look like relicts. It is lacking from the small FISH streams around East Cape (where Cran's bully is present); however, it is rarely present in catchments close to the sea, Four non-diadromous freshwater fish species are widespread in the North Island and some of these might have been and its absence from these coastal East Cape drainages is not surprising. expected to occur in the volcanic region in the north east, had there been no volcanism: Their North Island Two species of mudfish (Neochanna-Galaxiidae) are also found in North Island waters (Fig. 3C ). Black mudfish (N. distributions are as follows.
Cran's bully (Gobiomorphus basalis (Gray)-Eleotridae) diversus Stokell) is present in the north through west, and brown mudfish (N. apoda Gü nther) in the west through (Fig. 3A) is widespread throughout the North Island at all elevations, though it is only occasionally present in rivers south. Neither species occurs at all in the quadrant north through east. Neither mudfish species occurs in close draining the north-through-east quadrant, and when present, is always in tributaries distant from the volcanic proximity to ash deposits and possibly neither was much affected by volcanic activity. The fact that the two species plateau and at low elevations; it is known from numerous localities around East Cape, which probably escaped the have ranges that are essentially north and south of the volcanic region may be coincidental, or there could be a most severe ash showers. Cran's bully gives the appearance of having a relict distribution in all rivers that drain the causal connection between long-lasting volcanism there and mudfish distributions. Studies to determine the age of volcanic region except for those that drain to the south and west, a distribution that may have been masked by speciation of black and brown mudfish are needed to clarify this issue. reinvasion by the species from unaffected streams around the fringes of the area affected by volcanism and ash showers.
Thus, all three fish species/species groups occur widely in the North Island except for their absence or sparse The southern/western drainages are (and probably always were), long river systems that extend well beyond any occurrence in the region to the north through east of the volcanic plateau, the area most seriously affected by volcanic influence, and they have distant tributaries that would not have been affected directly by ash/pollutants volcanism (Fig. 1) . from the Taupo eruption. This is not true of rivers east and north of Lake Taupo which were probably much more DISTRIBUTIONS OF DIADROMOUS FISH severely affected over a wide area and in many instances as far as the Bay of Plenty or Hawkes Bay coastlines (Suggate, Diadromous species occur very widely throughout the North Island. A wide variety of species penetrates many rivers Stevens & Te Punga, 1978; Wilson & Walker, 1985) . Thus, except to the south and west, where it is widespread, Cran's that drain the volcanic region from all directions and in rivers where non-diadromous species are largely absent. bully has relict occurrence in the volcanic region-in the lower reaches of a few Hawkes Bay rivers, and in two Bay They presumably have reoccupied these rivers since these were affected by eruptions as habitats again became of Plenty rivers. It does occur in many of the small rivers that drain the East Cape region, but these probably were tolerable: Longfinned eels (Anguilla dieffenbachii Gray-Anguillidae), for instance, occur almost universally beyond the area affected by the Taupo volcanic ash showers (Wilson & Walker, 1985) . throughout these catchments, where non-diadromous species are largely absent, and where their upstream Cran's bully is known from only one locality in the Waikato mainstem upstream of the Arapuni hydro dam movements are not prevented by physical barriers (Fig. 2) . Other species like lamprey (Geotria australis (Taahunaatara Stream); prior to construction of the dam there was an extremely swift and turbulent torrent up which Gray-Geotriidae), shortfinned eels (A. australis Richardson), banded kokopu, shortjawed kokopu (Galaxias migrant eels were reportedly unable to climb (Hobbs, 1940) , and which may have prevented upstream passage by other postvectis Clarke), koaro, common smelt, torrentfish (Cheimarrichthys fosteri Clarke-Pinguipedidae), redfinned small fish. Cran's bully, however, occurs widely upstream in the nearby Waipa, a major western/southern Waikato bully (Gobiomorphus huttoni (Ogilby)) and common bully, though not penetrating as widely or deeply as longfinned tributary up which fish passage probably poses no problems. It thus looks as though Cran's bully may largely have been eel, variously occur widely in many river systems. extirpated in the Waikato River upstream of Arapuni by volcanic activity.
DISTRIBUTION OF KOURA Dwarf galaxias (G. divergens Stokell) (Fig. 3B) is widespread, mostly well inland in streams draining the Koura, like the several non-diadromous fish species, occurs very sparsely in the area considered to have been affected foothills of the mountain ranges, and occurs in catchments to the south of the volcanic plateau (including one locality by ash showers (Fig. 3D) . In addition to occurring in many of the lakes formed by volcanic activity in the volcanic in the Rangitikei River), in rivers that drain to the south from Hawkes Bay, but is otherwise absent from the east region (probably as a result of human translocation-see above) koura is found in several streams draining the western through north, apart from a group of tributaries in the lower Rangitaiki and one tributary of the Waihou, again and southern slopes of the active volcanoes of the southern volcanic region, or in close proximity to them and to drainages and all of them are likely to have been heavily affected by the Taupo volcanic eruptions. It is inconceivable altitudes exceeding 1200 m (Woods, 1964; Fordham et al., 1979; Fordham, 1980; Michaelis, 1980) . All of these localities that koura could have survived the 186  eruption, and its presence in the area must result from their recolonization are part of the upper Wanganui or Whangaehu River from waters downstream. There are no records of koura elevation tributaries, being less affected, provided the founder stock for recolonization of the entire river system from any parts of the Tongariro/Waikato River drainages that flow from the eastern slopes of all three volcanoes as conditions ameliorated and water quality became tolerable to fish (hypothesis 1, above). (Ruapehu, Tongariro and Ngauruhoe) into Lake Taupo, apart from in Lakes Taupo and Rotoaira where Maori Some diadromous species are widely present in rivers of the affected zone, and diadromous fish have apparently introductions are likely.
been able to recolonize through the sea from other unaffected rivers, as water quality and habitat conditions in affected rivers became suitable (hypothesis 2).
DISTRIBUTIONS OF OTHER AQUATIC
Inland lakes, within or close to the volcanic zone typically FAUNA have fish faunas consisting of landlocked stocks of otherwise Rivers of the volcanic region are well populated by a diadromous species; Maori translocations of fish into these wide diversity of stream benthic invertebrates without any lakes are either known or suspected, and it is not possible suggestion that their communities are faunistically to be certain whether any such species occur there naturally. impoverished or disharmonious compared with the faunas However, this is considered highly unlikely. of streams elsewhere in New Zealand (Tillyard, 1920) .
The distribution of koura is consistent with distributions Collier (1992 Collier ( , 1993 has reviewed and mapped the of non-diadromous fish species, at least in the vicinity of the distributions of aquatic invertebrates in an assessment of central volcanoes. Assuming that this crayfish's widespread their conservation status, and showed that in Ecological occurrence in the lakes results from Maori introductions, Regions (McEwan, 1987 ) that form part of the volcanic koura distribution is also consistent with the central region, (the Ecological Regions most affected by the Taupo hypothesis of this paper, that the rivers of the volcanic region eruption), mostly there are 0-1 species that have 'restricted were largely defaunated of fish by the Taupo eruptions. distributions' (species defined by Collier as occurring in
The apparently sparse aquatic invertebrate endemicity in three or fewer Ecological Regions). Only in two entirely the volcanic region may have diverse reasons, including less coastal/central Bay of Plenty Regions are there more than intensive collection and poor understanding of the fauna, four such 'restricted' species and, excluding these, there is in addition to the effects of volcanic activity. Regardless of an average of about 0.9 restricted species per Region. reasons, the low endemicity of the Ecological Regions of However, this paucity of restricted species applies to most the volcanic region is consistent with the area having been of the North Island, with exceptional areas being the far extensively defaunated by the Taupo eruption about 1800 south (Wellington area, especially the Tararua Ecological years ago. It appears likely that recolonization of these Region), and Auckland and further north. Furthermore, waterways (especially via aerial/terrestrial life stages) has Collier (1992) , in his listing of New Zealand freshwater largely restored them to much the same sorts of communities macroinvertebrates of potential conservation concern as existed there prior to eruption, even though the actual resulting from known restricted distributions, included only species lists may once have been different from those at three species from Ecological Regions in the vicinity of the present. Since the eruption is so recent, high invertebrate volcanic region. One was an undescribed leech (Hirudinea) endemicity would have cast doubt on the hypothesis known only from highly acid waters (pH 2.1) and proposed, that the fish faunas of the area were largely presumably well adapted to waters affected by volcanic/ eliminated by the eruption and that the fauna has been geothermal activity. Two were tipulid flies (Diptera), neither restored largely by invasion of river systems by diadromous yet known from its aquatic stages, and both recorded from species, especially in the northeast where ash showers were the southwest of the major volcanoes and thus at the fringes more extensive and widespread, and where it is likely that of the affected area. Distributions and ecologies of all of entire river systems were seriously impacted. Main (1989) these species can only be described as poorly understood.
argued for similar more rapid and extensive recolonization Thus there is some, though very slight, evidence for by diadromous than non-diadromous fishes into rivers of invertebrate endemicity associated with the volcanic region South Westland (South Island, New Zealand) possibly but little to suggest a fauna of any antiquity that might defaunated by Pleistocene glaciations. have survived the  186 Taupo eruption. Diamond (1974) examined bird recolonization of islands in the vicinity of New Guinea following defaunation by volcanism, and found two patterns. What he called 'rselected super tramp species' with high reproductive rates DISCUSSION and generalised diets were better adapted to colonization and formed a much greater proportion of the restored There seems clear evidence that non-diadromous species are sparse to relictual, particuarly in the rivers that drain to the bird faunas than 'K-selected' species; these have lower reproductive rates and were better adapted to insectivory east and northeast from the volcanic region, where the Taupo ash deposits are reported to have been heaviest or frugivory in well-established forest. A similar dual pattern is evident in the recolonization of fish faunas of New Zealand (Suggate et al., 1978; Wilson & Walker, 1985) . More widespread distributions of non-diadromous species to the rivers affected by the Taupo eruption. Diadromous species, which have high fecundity and high ability to colonize by south, are consistent with mainstems and tributaries in river headwaters being affected, this damage spreading dispersal through the sea (McDowall, 1990) , are comparable with Diamond's (1974) 'r-selected supertramp species' while downstream through the mainstems of the rivers; but lower
